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Opposite macroevolutionary responses to
environmental changes in grasses and insects
during the Neogene grassland expansion
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Anne-Laure Clamens1, Jérôme Barbut5, Paul Z. Goldstein6 & Bruno Le Ru4,7
The rise of Neogene C4 grasslands is one of the most drastic changes recently experienced
by the biosphere. A central - and widely debated - hypothesis posits that Neogene grasslands
acted as a major adaptive zone for herbivore lineages. We test this hypothesis with a novel
model system, the Sesamiina stemborer moths and their associated host-grasses. Using a
comparative phylogenetic framework integrating paleoenvironmental proxies we recover a
negative correlation between the evolutionary trajectories of insects and plants. Our results
show that paleoenvironmental changes generated opposing macroevolutionary dynamics in
this insect-plant system and call into question the role of grasslands as a universal adaptive
cradle. This study illustrates the importance of implementing environmental proxies in
diversification analyses to disentangle the relative impacts of biotic and abiotic drivers of
macroevolutionary dynamics.
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The emergence and spread of grasslands during the Mioceneand Pliocene is one of the most drastic changes recentlyexperienced by the biosphere1. Low latitudes and altitudes
grassland ecosystems are dominated by grasses (Poaceae) that
employ C4 photosynthetic pathways1,2, and are thereby better
adapted to low CO2 conditions than plants using a C3 pathway,
especially under warm and dry conditions3. The multiple inde-
pendent evolutionary origins of C4 pathways has led to sugges-
tions that the major drop in atmospheric CO2 beginning roughly
30 million years ago (Ma) provided conditions conducive to the
diversification of C4 grasses and their rise to dominance in many
areas at the expense of C3 lineages1,2,4. Fossil phytoliths and
paleosols support this hypothesis, indicating that C4 grasses
appeared about 20–25Ma in the geological record5. This pattern
is also confirmed by recent molecular phylogenetic studies, which
indicate that distinct C4 grass lineages appeared multiple times
between the late Oligocene and the late Miocene1, and that the
shift from C3 to C4 pathways constituted an important precursor
to speciation in the evolutionary history of grasses6. However, it
was not until the late Miocene and Pliocene (ca. 3–9Ma) that C4
grasslands became a major component of Earth’s terrestrial
ecosystems across all continents5,7,8. The drop in atmospheric
CO2 was likely instrumental in this transition, but other envir-
onmental factors, such as the increased intensity of fire regimes,
herbivory, and changes in climatic seasonality are likely causal
factors8–10.
This major biome shift is thought to have had a pivotal role in
the evolution of herbivore communities by promoting the
diversification of herbivorous lineages associated with C4
grasses11–13. Feeding on C4 grasses requires-specific adaptations
for the feeders, as tissues from these plants are usually more
fibrous than those of C3 plants, due to the higher density of
bundles of fibers, veins, and silica phytoliths (reviewed in ref. 14).
They also have lower nutritional values than C3 plants because of
lower nitrogen and higher carbon contents15–17. In mammals, a
commonly accepted theory posits that the Neogene grasslands
enabled the development of adaptive radiations, favouring
lineages of grass eaters following key innovations in dental
morphology (hypsodonty), and plant assimilation18. However,
this view was recently challenged by studies revealing that hyp-
sodonty originated well before the appearance and spread of
Neogene grasslands (e.g. ref. 19). Toljagic et al.20 also demon-
strated that the evolution of hypsodonty in ruminants was slower
than previously thought, excluding the possibility of its repre-
senting an immediate adaptive response. Another study revealed
that the hypothesized adaptive radiation of horses coinciding
with the spread of grasslands was not correlated to phenotypic
evolution and, if anything, impeded by ecological limits21. In
herbivorous insects, the role of C4 grasslands as a potential
adaptive zone has never been properly investigated even though
several independent species-rich lineages are intimately asso-
ciated with C4 grasses, exhibiting-specific morphological adap-
tations, such as more heavily chitinized mandibles (e.g., in
acridid grasshoppers22), or enlargement of mandibular muscles
to cope with silica-rich stems (e.g., in stemborer moths23). Dated
phylogenies also provide conflicting evidence, suggesting that
diversification of specialized insect lineages either predated (e.g.,
for satyrine butterflies24), or coincided with (e.g., in anisopliine
beetles25) the spread of C4 grasslands. No study to date has
quantified whether reciprocal macroevolutionary dynamics
occurred between C4 grasses and specialized lineages of herbi-
vores. Under the theory of ecological opportunity26, we can
hypothesize that C4 grasslands provided a template for the
radiation of specialist herbivores able to colonize this new niche.
Alternatively, we could also postulate that the diversification of
specialized herbivores may also be unaffected by host
diversification, if they remain able to utilize all the descendant
hosts of their ancestral host-plants.
To investigate the diversification dynamics of both herbivorous
insects and grassland plants in the context of the C3/C4 transition,
we study a clade of stemborer moths (Noctuidae: Apameini:
Sesamiina) representing a radiation of ca. 200 species, most of
which are distributed in their Afrotropical centre of origin27.
Sesamiina are mostly associated with C4 grasses28–30 and are well-
adapted to Afrotropical grasslands, where they constitute one of
the most abundant and conspicuous moth group28. Similar to
other groups of internal feeders31–35, Sesamiina species are highly
specialized; most species only feed on one or a few plant species.
In any given locality diverse sesamiine species are also usually
associated with distinct sets of host-plants. They constitute a
particularly tractable system for studying co-diversification given
the expanding body of accurate life history data surrounding
host-plant associations.
We explore the macroevolution of Sesamiina stemborers in the
light of comprehensive phylogenetic, ecological, and geographic
data for both the herbivorous insect group and their host-plants
(Supplementary Data 1–3). To determine whether the origin of
Sesamiina and their C4 grass hosts coincided, we conduct phy-
logenetic and dating analyses on a novel molecular dataset of six
loci, comprising 1393 specimens from 245 noctuid species, and
historical biogeographic analyses based on a timeframe estab-
lished for Poaceae6. We also carry out several estimations of
ancestral character states to investigate the evolution of host
associations, and ecological attributes. To complement these
approaches, we use an array of diversification analyses, including
a recently developed analytical method36 to test the potential role
of several paleoenvironmental proxies within a temporal frame-
work for both insects and plants. As we describe, the double-
dating of plant and insect clades shows synchronous origins and
radiations, suggesting that they interacted and diversified in
parallel. We find strong evidence that, following the origin of both
clades, speciation rates of insects decreased, whereas those of
grasses increased through time. Our results also reveal opposite
macroevolutionary responses to environmental changes with
temperature as a primary evolutionary driver. This study con-
firms that the drop of atmospheric carbon is a key driver for the
diversification of C4 grasses. Analyses using organic carbon
concentration as a proxy for the proportion of C4 grasses also
indicate that the expansion of C4 grasslands did not act as a
primary environmental driver for the insects. This study therefore
suggests that the rise of C4 grasslands did not necessarily favor the
diversification of herbivores that feed on them.
Results
Synchronous temporal and spatial diversification. We assem-
bled a dataset for a group of C4 grass specialist moths with
information on geographic distribution, host- and habitat-
associations (see Methods). A total of 1393 specimens repre-
senting 245 noctuid species (including 181 species of Sesamiina)
were sampled for six loci (Supplementary Data 1); this sampling
encompasses all described Sesamiina genera and ca. 90% of the
described Sesamiina species. Phylogenetic analyses were carried
out in maximum likelihood and Bayesian frameworks, using all
individuals (specimen-level dataset) and using only one repre-
sentative per species (species-level dataset). The resulting trees
(Supplementary Figures 1–2) provide a comprehensive and
robust picture of Sesamiina relationships (within Sesamiina ca.
80% of nodes are well supported for the species-level dataset).
Molecular dating analyses performed on the species-level dataset
with Bayesian relaxed clocks using uniform priors and either
birth-death (BD) or pure birth tree priors yielded consistent
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divergence time estimates for the insect clade (Supplementary
Figures 3–4), with the BD model being recovered as the best tree
prior (MLEYule=−84,860.12 vs. MLEBD=−84,002.91, Bayes
factor » 10). For all downstream analyses, we thus relied on the
chronogram obtained with the BD tree prior. Based on this dating
analysis, Sesamiina originated ca. 20.7 Ma (95% credibility
interval= 17.8–23.2 Ma), and ancestral state estimation (ASE)
revealed a high level of phylogenetic niche conservatism (PNC)
on C4 lineages of the grass subfamily Panicoideae (Supplementary
Figures 5a–b, 6a–b), a diverse group of plants (about 3500 known
species) with a worldwide distribution37,38. Sesamiina are mostly
associated with the C4 tribe Andropogoneae (1132 species
worldwide6) and a large C4 clade (732 species worldwide6) of the
tribe Paniceae. These two panicoid clades represent almost two-
thirds of the diversity of the subfamily (Sesamiina are rarely
associated with the tribe Paspaleae, which is mostly distributed in
the Western Hemisphere; Supplementary Data 3). Although the
inferred pattern of PNC is conserved (few host-shifts are infer-
red), ASE analyses indicate that at least 19 nodes represent a
generalist state to at least one descendant specialist (Supple-
mentary Figure 5a). These results are particularly relevant in the
context of the current debate on the evolution of host-range of
phytophagous insects39–41, surrounding two hypotheses with
different points of emphasis: the oscillation hypothesis (OH), in
which speciation is driven by expansions and contractions of
host-ranges (usually considered at the plant family level39–41),
and the musical chairs hypothesis (MCH), where speciation is
driven by host-plant shifts, without concomitant changes in host-
ranges or diet breadth. Both hypotheses are similar in that they
predict more species in clades with more ‘lability’ in host use
(Nylin pers. com.). The elevated occurrence of transitions
between generalist to specialist states is more consistent with the
OH, which predicts that ‘host expansions do not happen with
regular frequency and amplitude’41 relative to host breadth
contractions, and that clades with such oscillation patterns should
be more diverse39,41 than their counterparts. Also consistent with
the OH is the observation that: (i) generalist Sesamiina species
(such as Sesamia calamistis or S. nonagrioides) tend to be wide-
spread, and (ii) recolonizations of ancestral hosts that have been
lost (such as Panicoideae) are common (Supplementary Fig-
ure 5a). An increase in speciation rates following inferred shifts in
diet breadth was not observed within the Sesamiina clade (see
Supplementary Table 1). However, this does not necessarily
represent an invalidation of the OH, as the increase of speciation
rates linked to host-range oscillations may not be detectable at
this macroevolutionary scale; its assessment likely requires denser
sampling throughout the stemborer subtribes (especially within
the diverse Apameina, which are primarily associated with C3
plants in the Northern hemisphere23) and their relatives.
To get a better understanding of the spatial patterns of the
primary sesamiine host-plant group, the Panicoideae, we
reconstructed its biogeographic history and infer that the first
colonization of the Afrotropics by a panicoid lineage (tribe
Paniceae) occurred ca. 21Ma, slightly before the start of the
Sesamiina diversification on the same continent ca. 20.7 Ma
(Fig. 1 and Supplementary Figure 7). The early diversification of
panicoid lineages in the Afrotropics is mostly attributable to the
Paniceae, as Andropogoneae only colonized the Afrotropics in
the late Miocene (Supplementary Figure 7). We acknowledge that
the origins of Poaceae and internal clades are debated due to a
lack of consensus on the use of fossil calibrations. Two main
strategies are used here to estimate divergence times of grasses:
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Fig. 1 Double-dating of associated stemborer moths and grass lineages. Dating analyses of panicoid grasses and stemborer moths reveal synchronous
origins and radiations between Afrotropical C4 lineages and their herbivorous moths. Ancestral state estimations show the evolution of photosynthetic
pathway for grasses and the evolution of host-type preferences for moths (C3 in green C4 in brown). For illustrative purpose, a picture of Setaria megaphylla
(Steud.) T.Durand & Schinz is presented on the left, and a picture of Acrapex subalbissima Berio is figured on the bottom right. Copyright notes: the picture
of grass was cropped from “Leaves of Setaria megaphylla at Umdoni Bird Sanctuary, Amanzimtoti, South Africa” by M. Purves, licensed under CC BY-SA
3.0. The picture of the moth was taken by B. Le Ru (last author of the paper)
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the first relies on macrofossils that are reliably assigned to a given
clade, whereas the second also includes microfossils (phytoliths)
whose use in molecular dating is controversial because phytolith
characters are usually phylogenetically unreliable42,43. Accord-
ingly, the grass divergence times can vary depending on the
calibration strategy. Here we rely on the results of the calibration
strategy with macrofossils of the comprehensive study of Spriggs
et al.6, which recovered an origin for Paniceae at ca. 21Ma.
Though older age estimates were sometimes inferred from the use
of phytoliths6,43, these are questionable because age estimates for
C4 grass lineages then significantly predate the fossil record of
open grasslands. The ca. 21Ma age estimate for the Paniceae is
also consistent with the results of the macrofossil calibration of
Christin et al.43 (median age of 25.4 Ma with a 95% credibility
interval= 20.6–31.7 Ma) and with the results of the microfossil
calibration of Prasad et al.42 (median age of 20.1 Ma with a 95%
credibility interval= 11.5–29.6 Ma). Importantly, it is also in
accordance with our inferred origin of stemborer moths (95%
credibility interval= 17.8–23.2 Ma). Overall, these results thus
support the nearly simultaneous and sympatric origin of both
Sesamiina and panicoid grasses, and their co-diversification in the
Afrotropics during the early Miocene.
Diversification rates of moths and grasses are uncorrelated.
Having established that Sesamiina and panicoid grasses colonized
the Afrotropics roughly at the same time, we investigated whether
the diversification dynamic of moths paralleled that of the
panicoid grasses. We hypothesized that the spread of C4 grass-
lands in the Neogene promoted the diversification of moths by
providing a newly available resource and ecological opportunity
for these insects already associated with Poaceae. To test this
hypothesis, we used three independent approaches to estimate the
diversification dynamics in each clade. First, we used Bayesian
analysis of macroevolutionary mixtures (BAMM44), which found
strong support for a single diversification regime showing ele-
vated speciation rates in the early stages of the insect lineage
evolution, followed by a progressive slowdown but no drastic
downward or upward shift in speciation (Supplementary Table 1
and Supplementary Figure 8a). In contrast, we found evidence for
the opposite pattern in panicoid grasses, with lower rates close to
the origin of the group and increasing rates of speciation over
time, accompanied by two significantly supported upshifts in
speciation with the crown tribes Andropogoneae and Paspaleae
(Supplementary Table 1 and Supplementary Figure 8b). Because
of the potential sensitivity of BAMM45,46, we used two other
approaches to test the pattern of inverted diversification rates.
Analyses inferring speciation rates as a function of time
(RPANDA47) recovered distinct diversification patterns, with
decelerating speciation rates for the moths and accelerating spe-
ciation rates for the grasses (Fig. 2a). Using episodic BD models
(TreePar48), we also recovered two significant shifts in diversifi-
cation at 13.0 and 1.3 Ma for the moths, both consistent with
progressively decelerating diversification (Fig. 2b and Supple-
mentary Table 2). For the panicoid grasses, episodic BD models
inferred three shifts of diversification at 20.3, 9.6, and 1.5 Ma but,
again contrary to the insect clade, these shifts represented
increased diversification (Fig. 2b and Supplementary Table 2b).
The congruence of these results suggests that the diversification
rates of both groups are inversely correlated. Analyses relying on
the binary-state speciation and extinction (BiSSE) model49
recovered very similar net diversification rates for both Afro-
tropical and non-Afrotropical panicoid lineages (comprised
between 0.24 and 0.28 events per Myr per lineage, respectively).
Lineages-through-time (LTT) plots show patterns of increasing
species accumulation for both Afrotropical and non-Afrotropical
panicoid lineages, with no distinct up-shifts and no plateau of
diversity (Supplementary Figure 9a–b). By contrast the stemborer
LTT plot exhibits a plateau of diversity toward the present
(Supplementary Figure 9c). Overall, the extent of the analyses
performed suggests that diversification is similar between Afro-
tropical and non-Afrotropical panicoid lineages; however, we
acknowledge the uncertainty underlying this finding because of
the incompleteness of the sampling for the panicoid grasses
(805 species out of ca. 3500 known species6).
Differential responses to environmental changes. We used a
maximum-likelihood framework to test competing hypotheses of
rate variation based on BD models. Out of 14 diversification
models, a model with temperature-dependent speciation best fit
the data for both groups (Supplementary Table 3). Best-fit models
further indicate a positive correlation (α > 0) between tempera-
ture and speciation for the Sesamiina while they show a negative
correlation (α < 0) for the panicoid grasses, indicating that the
groups had opposite responses to changes of temperature over
time. For Sesamiina, speciation rates appear to have been higher
under warmer climates while the opposite holds for panicoid
grasses (Fig. 2c, d). In Sesamiina, diversification models relying
on δ13Corganic (as estimated from stable carbon isotopes; see
Methods) as a proxy for the proportion of C4 grasses show a
negative correlation (Fig. 2e, f), and are consistently out-
performed by diversification models incorporating temperature
or time dependence (Supplementary Table 3). The latter and
the fact that no upshift in diversification rates was inferred for the
Sesamiina during the spread of C4 grasslands suggest that the
expansion of C4 grasslands did not act as a primary environ-
mental driver of sesamiine diversification. To confirm this pat-
tern, we performed additional diversification analyses using the
recently estimated proportion of C4 plants in Eastern Africa
through time50 instead of the global δ13Corganic. We still found
that a positive temperature-dependent model best explains the
stemborer diversification, and we found a negative C4 grasses-
dependent model suggesting a macroevolutionary decorrelation
between Afrotropical C4 plants and their herbivores (Supple-
mentary Table 4). In panicoid grasses as a whole (i.e., both C3 and
C4 lineages), models accounting for changes in atmospheric CO2
also ranked behind models incorporating temperature or time
dependence. However, when independently analyzing the two
primary panicoid C4 host-plant lineages (i.e., Andropogoneae and
the large clade of Paniceae using a C4 pathway), models
accounting for changes in atmospheric CO2 is recovered as best-
fit models (Supplementary Table 3). This is consistent with the
predictions made by Pagani et al.51 and Edwards et al.1, who
postulated that the diversification of C4 grass lineages is corre-
lated positively with the drop in atmospheric CO2 (Fig. 2e, f). It is
important to note that the pattern of increasing speciation rates is
always recovered for the primary host-plant groups, indepen-
dently of the clade being considered (panicoid grasses as a whole,
Andropogoneae or the major clade of Paniceae).
The contrasting patterns recovered for Sesamiina and panicoid
grasses may best be explained by their long-term responses to
environmental changes, and in particular to temperature. Grass
diversification (C3 and C4 lineages) correlated positively with
climatic cooling and, in the main C4 lineages, with the drop in
atmospheric CO2. By contrast, lower temperatures appear to have
slowed diversification of the insects. Interestingly, changes in
temperature over time (Fig. 2d) are also associated with changes
in climatic conditions: during the Cenozoic, warmer periods have
tended to be associated with wetter conditions, and colder periods
are associated with drier conditions, with a shift from moist
woodlands/wetlands and predominantly summer rainfall to a
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range of more arid to semi-arid open habitats and increasingly
seasonal rainfall regimes52–54. From a biological point of view C4
grasses are less drought sensitive than C3 grasses55, and generally
benefit from drier conditions associated with high-light habitats1.
In Sesamiina, numerous species are hygrophilous and are
distributed in grasslands in contact with wet habitats (e.g., see
refs. 29,30 Supplementary Data 2). To investigate whether
Sesamiina exhibit a pattern of phylogenetic niche conservatism
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Fig. 2 Diversification dynamics through time and potential environmental factors. a Diversification dynamics through time for the stemborer moths (blue
curve) and the panicoid grasses (green curve) inferred with a time-continuous BD model. b Diversification dynamics through time with an episodic BD
model. Both analyses show an opposite trend of speciation rate evolution for moths and grasses. c Analyses of temperature-dependent diversification
indicate that past warm climate fostered moth speciation, whereas cooling events boosted grass speciation. d Global temperature inferred from δ18O
isotopes in benthic foraminifer shells recovered in marine sediments41. e Analyses linking speciation and past variations in atmospheric CO2 for grasses,
suggest higher speciation when CO2 concentration decreases, although the analyses linking for moths show a negative association between speciation and
the rise of grasslands. f Potential environmental factors driving the diversification of stemborer moths and panicoid grasses such as the increase of C4
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compiled from multiple sources (notably inferred from δ13C measurements52). Copyright notes: the grass and plant symbols rely on pictures taken by G.J.
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for a given climatic condition, ASE of moths’ ecological
preferences were performed. Results (Supplementary Figure 10)
suggest that wet habitat-association is conserved phylogenetically.
This leads to the hypothesis that the decrease of wet habitats and
the increase of periodically dry conditions associated with
progressive temperature drops impeded the diversification of
Sesamiina over time.
Role of C4 grasslands in herbivore speciation. Our results also
challenge the role of C4 grasslands as a potential adaptive zone,
and as a driver for herbivorous insect speciation. The spread of C4
grasslands is usually seen as an ecological opportunity, providing
a fertile ground for speciation through adaptation and diversify-
ing selection. Ecological opportunities depend on the availability
of novel ecological resources coupled with ease of colonization
and/or adaptation or key innovation. Here we argue that the
radiation of Sesamiina was likely influenced by two-related eco-
logical opportunities: (i) access to a novel resource—the C4
grasses—in the Afrotropics in the early Miocene, and (ii) a major
biome shift that enabled the spread of such C4 grasslands and
reflected in the rapid radiation of C4 grasses themselves in the late
Miocene. We found that these parallel and extended events
impacted insect diversification in different and far less straight-
forward ways than previously believed.
Our results indicate that the diversification of sesamiine
stemborers is tightly linked to the emergence and diversification
of C4 grasses at the time when both interacting partners colonized
the Afrotropics in the early Miocene. This new ecological
resource provided some of the requisite conditions for the
radiation of specialist insects. As diversification proceeded, we
infer that the magnitude of this novel resource diminished as the
window of ecological opportunity closed with the saturation of
niche space by new species. Therefore, a core prediction of this
scenario is that speciating lineages would undergo early bursts of
rapid diversification followed by asymptotic decreases in
diversification rates over time56. Here all diversification analyses
recover a signal consistent with an early burst pattern of
diversification among ancestral Sesamiina, which is thus
consistent with a hypothesis of an adaptive radiation in the
broad sense. Eventually speciation rates are expected to slow
towards an equilibrium as species saturate available niches (in this
case, C4 grass species). To test this notion, a diversity-dependent
model of diversification57 was used to assess whether the entire
Sesamiina clade approached stasis, interpreted as an equilibrium
or evolutionary carrying capacity of sorts. In this case, stemborer
radiation conforms to a diversity-dependent speciation model
(Supplementary Table 5) that predicts a carrying capacity of
240 species (ca. 200 species are known today). This suggests the
existence of ecological, and in this case spatio-temporal, limits to
moth diversification. Such a scenario is traditionally interpreted
as adaptive radiation through the occupation of extrinsic niches
or niche filling56.
Yet, niche space of sesamiine stemborers presumably expanded
over time both in terms of diversity and abundance due to
increased diversification rates of C4 grasses over time, and their
rise to dominance starting in the late Miocene (green curve in
Fig. 2a–d, see also Supplementary Figure 9a–b and Supplemen-
tary Methods for evidence showing similar C4 species accumula-
tion in Afrotropics and outside)1,6. This increase in niche space
therefore constituted a major ecological opportunity for C4-
specialist insects. However, instead of the expected upshift of
speciation/diversification rates, a decline in the diversification of
moths was inferred (blue curves in Fig. 2). The pattern of
diversification between moths and C4 grass lineages appears
decoupled, as indicated by the fact that models with δ13Corganic
dependence (our proxy for the proportion of C4 grasses) are
negatively correlated. To explain this counter-intuitive pattern,
we postulate that inverse responses to abiotic factors account for
differences in the pace of diversification. When the climate
changed drastically in the late Miocene, becoming cooler and
drier, C4 grasses began an unprecedented radiation that did not
confer higher speciation rates to their moth herbivores. In fact, as
the climate cooled, sesamiine moths diversified less rapidly
despite the fact that their host-plants were thriving.
The marked preference of Sesamiina for wet habitats may have
limited the dimensions of their available niche space in an
increasingly dry environment. Dry environments also directly
influence plant form and phytolith formation in C4 grasses. As
underlined by a recent large-scale study on West African
grasses58, drier environments are characterized by smaller, more
therophytic grass species, which are too small to accommodate all
stemborer larval stages. Sesamiina larvae are also sensitive to the
high levels of silicon content59. One of the factors promoting
phytolith formation (accumulation of silicon) in grasses is
evapotranspiration60, which is more important in drier environ-
ments61. All of these observations are consistent with a reduction
of the availability of suitable niches in dry environments and may
reflect or even explain the preference of Sesamiina for wet
habitats. An interesting parallel may be drawn here between
stemborers and another group of C4-specialists, the grass-feeding
Bicyclus butterflies (Nymphalidae, Satyrini), which represent a
radiation of ca. 103 species in the Afrotropics62. Nokelainen
et al.14 discovered that, when laying eggs, females of Bicyclus
safitza (Westwood) preferred shaded habitats characterized by
high concentrations of tender grass foliage to open habitats
dominated by less readily consumable leaves. We surmise that
the advent of drier and more open environments in the late
Miocene may have limited the diversification of Sesamiina.
Despite representing a highly apparent and diverse food source,
the confinement of these grasslands to open and comparatively
dry habitats translated to a reduction of potential niche space for
these grass-specialist insects.
Discussion
Our study shows that differential responses to environmental
changes may yield counter-intuitive patterns of diversification in
plants and insects. Although the initial radiation of C4 grasses in
the Afrotropics likely met criteria for an adaptive zone in a group
of grass-specialist insects, subsequent climatic changes may have
driven diversification in a direction opposite that predicted by the
inferred spread of C4 grasslands ca. 3–9Ma. Environment-
dependent diversification analyses demonstrate that the diversi-
fication of at least two major C4 panicoid grass lineages com-
prising the primary hosts of Sesamiina was likewise correlated
with a drop in atmospheric CO2. The negative correlation
between the spread of grasslands calibrated via δ13Corganic proxy
and the diversification of Sesamiina further calls into question the
role of C4 grasslands as simple drivers of graminivorous herbi-
vores. This study suggests a potentially far more complex picture
regarding the role of grasslands as herbivore adaptive zones
analogous to the results of recent studies on mammals (e.g.
ref. 21). We also illustrate the potential of implementing multiple
environmental proxies in diversification analyses that serve to
disentangle the relative impacts of biotic and abiotic drivers of
macroevolutionary dynamics.
Methods
Moth taxon sampling and molecular dataset. Extensive field surveys conducted
since 200428 in 17 sub-Saharan countries and in the Palearctic region (in France
and Portugal), targeting wild habitats rich in Poales combining infested host-plant
collections and light traps, allowed us to obtain about 80,000 specimens, of which
ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-07537-8
6 NATURE COMMUNICATIONS |          (2018) 9:5089 | DOI: 10.1038/s41467-018-07537-8 | www.nature.com/naturecommunications
more than 52,000+ larvae were reared (Supplementary Figure 11) from 220
identified species of grasses and sedges. A total of 1389 specimens from 241 noctuid
species were sequenced; we also used sequences from GenBank for four additional
species (Supplementary Data 1). This sampling encompasses all described Sesa-
miina genera and ca. 90% of the described species. We sequenced 2.6 kilobases of
the mitochondrial genes cytochrome c oxidase I, cytochrome b, ribosomal 12S, and
ribosomal 16S, and 2.1 kilobases of the nuclear protein-coding gene elongation
factor-1α and the ribosomal 28S. The individual gene fragments were aligned and
the reading frames of protein-coding genes checked.
Moth phylogenetics and dating. Partitioning schemes and models of nucleotide
substitution were estimated. Phylogenetic relationships for the specimen-level
dataset were inferred with maximum likelihood using RAxML63. For the species-
level dataset (245 species), we reconstructed phylogenetic relationships with
Bayesian inference using MrBayes64, but also with RAxML and IQ-TREE65 for
maximum likelihood to estimate branch support in all analyses. Resulting phylo-
genetic trees were used to estimate divergence times with a Bayesian relaxed-clock
approach in BEAST66, with one clock model for the mitochondrial genes and one
clock model for the nuclear genes (see Supplementary Methods). Given the scarcity
and questionable status of noctuid fossils, we relied on three secondary calibrations
(see Supplementary Methods). We used uniform priors to model conservative node
calibrations.
Ancestral host-plant associations and ecological preferences. Host-plant
associations and ecological preferences (Supplementary Data 2) were determined
by field surveys and rearing of larvae from plants collected in the field (see
Supplementary Note 1). Host associations were either categorized at the family
level (for plants belonging to Cyperaceae and Typhaceae) or at the subfamily
level (for plants belonging to Poaceae). We were unable to assign a host-plant
state for seven of the 181 species, because only adults were collected; therefore,
we coded them as ambiguous. We used multistate ASE to account for the few
species that develop on distinct families/subfamilies (10 species associated with
distinct plant families; eight species associated with distinct grass subfamilies).
Ancestral character states were reconstructed with a maximum likelihood
approach as implemented in the DEC model67. We also carried out an analysis
of a truncated dataset by pruning all Sesamiina species without genus- or
species-specific host-plant data. To avoid favoring the OH over the MCH in the
ASE analyses, we used an unconstrained transition matrix allowing any host
shift to be equally probable. We also conducted two supplementary analyses with
binary traits (see Supplementary Data 2 for the coding). First, we explored the
evolution of host-plant preference in relation to photosynthetic pathways (C3 or
C4). Second, we inferred the evolution of ecological preferences in relation to dry
or wet environments.
Plant phylogeny and biogeography. We studied the origin and diversification of
the main host-plant group. As we inferred that Panicoideae was the ancestral state
of host-plant preference for the stemborers, we obtained a dated phylogeny for
805 species of Panicoideae by pruning the dated Poaceae tree of Spriggs et al.6. We
tested the hypothesis of a synchronous temporal and geographic origin between the
Panicoideae and their insect predators (knowing that the radiation of stemborers
originated in the Afrotropics27). Ancestral area estimations for Panicoideae were
inferred with the DEC model. Species ranges were coded by presence–absence
(excluding marginal distribution or anthropic introduction) for seven areas
(Afrotropics, Australasia, Eastern Palearctic, Nearctic, Neotropics, Oriental, and
Western Palearctic; Supplementary Data 3). The historical biogeography of Pani-
coideae was estimated with an unconstrained DEC model with only one time slice
(see Supplementary Methods for details).
Diversification of insects and plants. We investigated whether the modes of
species diversification were similar between the Panicoideae and the insects feeding
on them, following a step-by-step procedure that took time-calibrated phylogenies
as the basis for the analyses. When possible we took into account age uncertainties
(100 randomly selected trees from the posterior distribution of dating analyses).
We first estimated whether the clades’ diversification deviates from a constant BD
model and if shifts in speciation and extinction rates occurred using three com-
plementary approaches (BAMM44; RPANDA47; and TreePar48). The best-fit model
was selected using Bayes factors (BAMM), corrected Akaike information criteria
(RPANDA) and likelihood ratio tests (TreePar). We further tested the impact of
past environmental changes on the diversification of both clades to assess whether
they responded similarly to changing abiotic conditions. An environmental-
dependent model was used in which speciation and/or extinction can vary as a
function of temporal variation of the environment36. We compiled paleodata
(Fig. 2e, f) for variables that have been associated with macroevolutionary
hypotheses of diversification and that represent best paleoclimatic changes: tem-
perature data (inferred from δ18O measurements54) and atmospheric CO268.
Temperature is the canonical indicator of climate change. Levels of atmospheric
CO2 are thought to impact photosynthetic organisms2,3,8. We also obtained
δ13Corganic reflecting global changes in organic carbon sequestration69,70. In the
Cenozoic, δ13C is the best proxy for reconstructing ancient C4 grasslands as it
represents the proportion of C3 and C4 grasses1,2,50,70, and is therefore relevant to
test the role of grasslands on the evolution of herbivores that feed on grasses.
Recently, a compilation of δ13C for eastern Africa has allowed quantification of the
percentage of C4 plants through time50. The percentage of C4 through time pro-
vides a more direct test of the role of grasslands. For stemborers we fitted diver-
sification models in which speciation and/or extinction may vary according to
dependence with temperature and δ13Corganic/percentage of C4 in eastern Africa.
For Panicoideae grasses we fitted models with temperature- and CO2-dependence.
These models were compared to constant-rate and time-variable models. Finally,
we also used the BiSSE model49 to estimate whether the respective diversification
rates of Afrotropical and non-Afrotropical panicoid species are comparable. To do
so, first we estimated the number of native Afrotropical panicoid species to be
comprised between 900 and (conservative estimate) and 1034 species (see Sup-
plementary Methods for details). We then carried out eight BiSSE models, from the
null model (no variation of rates) to the most complex model in which all para-
meters of speciation, extinction and transition are estimated (see Supplementary
Methods for details). We also generated LTT plots for the panicoid grasses, based
on a 805 species timetree; distinct plots for both Afrotropical and non-Afrotropical
lineages relied on distinct BiSSE analyses, with an estimated diversity of 900 and
1034 species for the Afrotropical lineages. A LTT plot was also generated for the
Sesamiina, based on a 181 species timetree.
Data availability
All newly generated sequencing data that support the findings of this study have
been deposited in GenBank (accession numbers MH847792-MH853351). All other
relevant data are available as Supplementary Data.
Received: 19 January 2018 Accepted: 8 November 2018
References
1. Edwards, E. J., Osborne, C. O., Stromberg, C. A. E. & Smith, S. A. C4 Grasses
Consortium The origins of C4 grasslands: integrating evolutionary and
ecosystem science. Science 328, 587–591 (2010).
2. Tipple, B. J. & Pagani, M. The early origins of terrestrial C4 photosynthesis.
Annu. Rev. Earth Planet. Sci. 35, 435–461 (2007).
3. Keeley, J. E. & Rundel, P. W. Fire and the Miocene expansion of C4 grasslands.
Ecol. Lett. 8, 683–690 (2005).
4. Estep, M. C. et al. Allopolyploidy, diversification, and the Miocene grassland
expansion. Proc. Natl Acad. Sci. USA 111, 15149–15154 (2014).
5. Strömberg, C. A. E. Evolution of grasses and grassland ecosystems. Annu. Rev.
Earth Planet. Sci. 39, 517–544 (2011).
6. Spriggs, E. L., Christin, P. A. & Edwards, E. J. C4 photosynthesis promoted
species diversification during the Miocene grassland expansion. PLoS ONE 9,
e97722 (2014).
7. Cerling, T. E., Wang, Y. & Quade, J. Expansion of C4 ecosystems as an
indicator of global ecological change in the late Miocene. Nature 361, 344–345
(1993).
8. Hoetzel, S., Dupont, L., Schefuß, E., Rommerskirchen, F. & Wefer, G. The role
of fire in Miocene to Pliocene C4 grassland and ecosystem evolution. Nat.
Geosci. 6, 1027–1030 (2013).
9. Osborne, C. P. Atmosphere, ecology and evolution: what drove the Miocene
expansion of C4 grasslands? J. Ecol. 96, 35–45 (2008).
10. Charles-Dominique, T. et al. Spiny plants, mammal browsers, and the origin
of African savannas. Proc. Natl Acad. Sci. USA 113, E5572–E5579 (2016).
11. Webb, S. D. A history of savanna vertebrates in the New world. Part I: North
America. Annu. Rev. Ecol. Syst. 8, 355–380 (1977).
12. Clayton, W. D. Evolution and distribution of grasses. Ann. Mo. Bot. Gard. 68,
5–14 (1981).
13. Stebbins, G. L. Coevolution of grasses and herbivores. Ann. Mo. Bot. Gard. 68,
75–86 (1981).
14. Nokelainen, O., Ripley, B. S., van Bergen, E., Osborne, C. P. & Brakefield, P.
M. Preference for C4 shade grasses increases hatchling performance in the
butterfly, Bicyclus safitza. Ecol. Evol. 6, 5246–5255 (2016).
15. Caswell, H., Reed, F., Stephenson, S. N. & Werner, P. A. Photosynthetic
pathways and selective herbivory: a hypothesis. Am. Nat. 107, 465–480
(1973).
16. Barbehenn, R. V., Chen, Z., Karowe, D. N. & Spickard, A. C3 grasses have
higher nutritional quality than C4 grasses under ambient and elevated
atmospheric CO2. Glob. Change Biol. 10, 1565–1575 (2004a).
17. Barbehenn, R. V., Karowe, D. N. & Spickard, A. Effects of elevated
atmospheric CO2 on the nutritional ecology of C3 and C4 grass-feeding
caterpillars. Oecologia 140, 86–95 (2004b).
18. MacFadden, B. J. Fossil horses-evidence for evolution. Science 307, 1728–1730
(2005).
NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-07537-8 ARTICLE
NATURE COMMUNICATIONS |          (2018) 9:5089 | DOI: 10.1038/s41467-018-07537-8 |www.nature.com/naturecommunications 7
19. Jardine, P. E., Janis, C. M., Sahney, S. & Benton, M. J. Grit not grass:
concordant patterns of early origin of hypsodonty in Great Plains
ungulates and Glires. Palaeogeogr. Palaeoclim. Palaeoecol. 365–366, 1–10
(2012).
20. Toljagic, O. et al. Millions of years behind: slow adaptation of ruminants to
grasslands. Syst. Biol. 67, 145–157 (2018).
21. Cantalapiedra, J. L., Prado, J. L., Fernández, M. H. & Alberdi, M. T. Decoupled
ecomorphological evolution and diversification in Neogene-Quaternary
horses. Science 355, 627–630 (2017).
22. Patterson, B. D. Correlation between mandibular morphology and specific diet
of some desert grassland Acrididae (Orthoptera). Am. Midl. Nat. 111,
296–303 (1984).
23. Goldstein, P. Z. & Fibiger, M. F. Biosystematics and evolution of the
Apameini: a global synopsis. In Noctuidae Europeae, Vol. 8 Apameini (eds
Zilli, A., Ronkay, L. & Fibiger, M.) (Entomological Press, Sorø, Denmark,
2005).
24. Peña, C. & Wahlberg, N. Prehistorical climate change increased diversification
of a group of butterflies. Biol. Lett. 4, 274–278 (2008).
25. Micó, E., Sanmartín, I. & Galante, E. Mediterranean diversification of the
grass-feeding Anisopliina beetles (Scarabaeidae, Rutelinae, Anomalini) as
inferred by bootstrap-averaged dispersal-vicariance analysis. J. Biogeogr. 36,
546–560 (2009).
26. Yoder, J. B. et al. Ecological opportunity and the origin of adaptive radiations.
J. Evol. Biol. 23, 1581–1596 (2010).
27. Toussaint, E. F. A. et al. Palaeoenvironmental shifts drove the adaptive
radiation of a noctuid stemborer tribe (Lepidoptera, Noctuidae, Apameini) in
the Miocene. PLoS ONE 7, e41377 (2012).
28. Le, Ru,B. P., Ong’amo, G. O., Moyal, P., Muchungu, E. & Ngala, L. Major
ecological characteristics of East African noctuid stem borers. Ann. Soc.
Entomol. Fr. 42, 353–362 (2006).
29. Le, Ru,B. et al. Integrative taxonomy of Acrapex stem borers (Lepidoptera:
Noctuidae: Apameini): combining morphology and Poisson Tree Process
analyses. Invertebr. Syst. 28, 451–475 (2014).
30. Kergoat, G. J. et al. Integrative taxonomy reveals six new species related to the
Mediterranean corn stalk borer Sesamia nonagrioides (Lefeb̀vre) (Lepidoptera,
Noctuidae, Sesamiina). Zool. J. Linn. Soc. 175, 244–270 (2015).
31. Anderson, R. S. An evolutionary perspective of diversity in Curculionoidea.
Mem. Entomol. Soc. Wash. 14, 103–114 (1995).
32. Bernays, E. A. & Chapman, R. F. Host-plant Selection by Phytophagous Insects.
(Chapman & Hall, London, 1994).
33. Gaston, K. J., Reavy, D. & Valladares, G. R. Intimacy and fidelity: internal and
external feeding by the British Microlepidoptera. Ecol. Entomol. 17, 86–88
(1992).
34. Marvaldi, A. E., Sequeira, A. S., O’Brien, C. W. & Farrell, B. D. Molecular and
morphological phylogenetics of weevils (Coleoptera, Curculionoidea): do
niche shifts accompany diversification? Syst. Biol. 51, 761–785 (2002).
35. Kergoat, G. J., Delobel, A., Le Ru, B. & Silvain, J.-F. Seed-beetles in the age of
the molecule: recent advances on systematics and host-plant association
patterns. In Researches on Chrysomelidae, Vol. 1 (eds Jolivet, P., Santiago-Blay,
J. & Schmitt, M.) (Brill, Leiden, 2008).
36. Condamine, F. L., Rolland, J. & Morlon, H. Macroevolutionary perspectives to
environmental change. Ecol. Lett. 16, 72–85 (2013).
37. Zuloaga, F. O., Morrone, O., Davidse, G. & Pennington, S. J. Classification and
biogeography of Panicoideae (Poaceae) in the New World. Aliso 23, 503–529
(2007).
38. Soreng, R. J. et al. A worldwide phylogenetic classification of the Poaceae
(Gramineae). J. Syst. Evol. 53, 117–137 (2015).
39. Janz, N., Nylin, S. & Wahlberg, N. Diversity begets diversity: host expansions
and the diversification of plant-feeding insects. BMC Evol. Biol. 6, 4 (2006).
40. Hardy, N. B. & Otto, S. P. Specialization and generalization in the
diversification of phytophagous insects: tests of the musical chairs and
oscillation hypotheses. Proc. Biol. Sci. B 281, 20132960 (2014).
41. Janz, N., Braga, M. P., Wahlberg, N. & Nylin, S. On oscillations and flutterings
- a reply to Hamm and Fordyce. Evolution 70, 1150–1155 (2016).
42. Prasad, V. et al. Late Cretaceous origin of the rice tribe provides evidence for
early diversification in Poaceae. Nat. Commun. 2, 480–480 (2010).
43. Christin, P. A. et al. Molecular dating, evolutionary rates, and the age of the
grasses. Syst. Biol. 63, 153–165 (2014).
44. Rabosky, D. L. et al. Rates of speciation and morphological evolution are
correlated across the largest vertebrate radiation. Nat. Commun. 4, 1958
(2013).
45. Moore, B. R., Höhna, S., May, M. R., Rannala, B. & Huelsenbeck, J. P.
Critically evaluating the theory and performance of Bayesian analysis of
macroevolutionary mixtures. Proc. Natl Acad. Sci. USA 113, 9569–9574
(2016).
46. Rabosky, D. L., Mitchell, J. S. & Chang, J. Is BAMM flawed? Theoretical and
practical concerns in the analysis of multi-rate diversification models. Syst.
Biol. 66, 477–498 (2017).
47. Morlon, H. et al. RPANDA: an R package for macroevolutionary analyses on
phylogenetic trees. Methods Ecol. Evol. 7, 589–597 (2016).
48. Stadler, T. Mammalian phylogeny reveals recent diversification rate shifts.
Proc. Natl Acad. Sci. USA 108, 6187–6192 (2011).
49. Maddison, W. P., Midford, P. E. & Otto, S. P. Estimating a binary character’s
effect on Speciation and extinction. Syst. Biol. 56, 701–710 (2007).
50. Uno, K. T., Polissar, P. J. & Jackson, K. E. Neogene biomarker record of
vegetation change in eastern Africa. Proc. Natl Acad. Sci. USA 113, 6355–6363
(2016).
51. Pagani, M., Zachos, J. C., Freeman, K. H., Tipple, B. & Bohaty, S. Marked
decline in atmospheric carbon dioxide concentrations during the Paleogene.
Science 309, 600–603 (2005).
52. deMenocal, P. B. African climate change and faunal evolution during the
Pliocene-Pleistocene. Earth Planet. Sci. Lett. 220, 3–24 (2004).
53. Bobe, R. The evolution of arid ecosystems in eastern Africa. J. Arid. Env. 66,
564–584 (2006).
54. Zachos, J. C., Dickens, G. R. & Zeebe, R. E. An early Cenozoic perspective on
greenhouse warming and carbon-cycle dynamics. Nature 451, 279–283
(2008).
55. Taylor, S. H. et al. Physiological advantages of C4 grasses in the field: a
comparative experiment demonstrating the importance of drought. Glob.
Change Biol. 20, 1992–2003 (2014).
56. Rabosky, D. L. Diversity-dependence, ecological speciation, and the role of
competition in macroevolution. Annu. Rev. Ecol. Evol. Syst. 44, 481–502
(2013).
57. Etienne, R. S. et al. Diversity-dependence brings molecular phylogenies closer
to agreement with the fossil record. Proc. Biol. Sci. B 279, 1300–1309 (2012).
58. Schmidt, M. et al. Patterns of plant functional traits in the biogeography of
West African grasses (Poaceae). Afr. J. Ecol. 49, 490–500 (2011).
59. Calatayud, P.-A. et al. Can climate-driven change influence silicon
assimilation by cereals and hence the distribution of lepidopteran stem borers
in East Africa? Agric. Ecosyst. Environ. 224, 95–103 (2016).
60. Takahashi, E., Ma, J. F. & Miyake, Y. The possibility of silicon as an essential
element for higher plants. Comm. Agric. Food Chem. 2, 99–122 (1990).
61. Sage, R. F. The evolution of C4 photosynthesis. New Phytol. 161, 341–370
(2004).
62. Aduse-Poku, K., Brakefield, P. M., Wahlberg, N. & Brattström, O. Expanded
molecular phylogeny of the genus Bicyclus (Lepidoptera: Nymphalidae) shows
the importance of increased sampling for detecting semi-cryptic species and
highlights potentials for future studies. Syst. Biodiv. 15, 115–130 (2017).
63. Stamatakis, A. RAxML version 8: a tool for phylogenetic analysis and post-
analysis of large phylogenies. Bioinformatics 30, 1312–1313 (2014).
64. Ronquist, F. et al. MrBayes 3.2: efficient Bayesian phylogenetic inference and
model choice across a large model space. Syst. Biol. 61, 539–542 (2012).
65. Nguyen, L. T., Schmidt, H. A., von Haeseler, A. & Minh, B. Q. IQ-TREE: a fast
and effective stochastic algorithm for estimating maximum-likelihood
phylogenies. Mol. Biol. Evol. 32, 268–274 (2015).
66. Drummond, A. J., Suchard, M. A., Xie, D. & Rambaut, A. Bayesian phylogenetics
with BEAUti and the BEAST 1.7. Mol. Biol. Evol. 29, 1969–1973 (2012).
67. Ree, R. H. & Smith, S. A. Maximum-likelihood inference of geographic range
evolution by dispersal, local extinction, and cladogenesis. Syst. Biol. 57, 4–14
(2008).
68. Beerling, D. J. & Royer, D. L. Convergent Cenozoic CO2 history. Nat. Geosci.
4, 418–420 (2011).
69. Falkowski, P. G. et al. The rise of oxygen over the past 205 million years and
the evolution of large placental mammals. Science 309, 2202–2204 (2005).
70. Katz, M. E. et al. Biological overprint of the geological carbon cycle.Mar. Geol.
217, 323–338 (2005).
Acknowledgements
We would to thank A. Kawahara and P. Arnal for many helpful comments. Financial
support was provided by IRD and icipe, African Insect Science for Food and Health, and
by the project IMPACT_PHYTO funded by the INRA. Part of the sequencing was also
supported by the programme BdV (Project NSBB) supported by a joint CNRS, INRA,
and MNHN consortium. Laboratory facilities were provided by CBGP and EGCE in
France and icipe in Kenya. We want to thank the numerous people who helped with
fieldwork, rearing of larvae, collection permits, or studies of museum material (see
Supplementary Note 2 for a detailed list). All specimens were collected under appropriate
collection permits and no conflicts of interest were discovered. Mention of trade names
or commercial products in this publication is solely for the purpose of providing-specific
information and does not imply recommendation or endorsement by the USDA; USDA
is an equal opportunity provider and employer.
Author contributions
G.J.K., F.L.C., E.F.A.T., P.Z.G., and B.L.R. designed research; J.B. and B.L.R. sampled and
identified the specimens; E.F.A.T., C.C.-D., and A.-L.C. generated the molecular data; G.
ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-07537-8
8 NATURE COMMUNICATIONS |          (2018) 9:5089 | DOI: 10.1038/s41467-018-07537-8 | www.nature.com/naturecommunications
J.K. and F.L.C. analysed the data; and G.J.K., F.L.C., E.F.A.T., P.Z.G., and B.L.R. wrote the
paper.
Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
018-07537-8.
Competing interests: The authors declare no competing interests.
Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.
© The Author(s) 2018
NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-07537-8 ARTICLE
NATURE COMMUNICATIONS |          (2018) 9:5089 | DOI: 10.1038/s41467-018-07537-8 |www.nature.com/naturecommunications 9
